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SUMMARY

Similarity relations for time-averaged fluctuating

pressures at arbitrary field points are derived for

subsonic jets. The deriz,ation is based on elemen-

tary considerations for similarity in conjunction

with known proportionality relations for the limiting

cases oJ acoustic (compressible) fluctuations at

poi_ds far from the flow and pressure fluctuatioTts
associated with incompressibility within, the flow.

The resulting relations are compatible with, and

slightly more gen&al than., previously proposed

relations. Similarity relations are derived for

overall pressure fluctuations as well as pressure

fluctuations in frequency pass-bands of arbitrary
width.

The derived relations were found to be suffwient,

fl'om an engineering standpoint, for predicting
contour maps of overall and frequency-pass-band

pressure fluctuations for intermediate values of the

fluid and geometric variables if contour maps were

available for two values of these variables. The
derived relations could also be used in conjunction

with test data for predicting spectra. However, in
all instances geometric _nd dMmmie similarity oJ

the jets is essential. Dis._imiT, arity of nozzle

contours and d_fferinfl jet temperatures seriously

limit application of similarity relations, especially

near the jet nozzle.

INTRODUCTION

Deleterious effects of high noise levels associ-

ated with iet propulsion devices have been widely

publicized. In the search for methods of abating
the noise at its source, knowledge of the noise

characteristics is invariably required. General

and simple specifications of these characteristics

have utilized similarity parameters. When ap-

plicable, similarity parameters permit scaling, or

prediction, of noise characteristics for a desired
set of test conditions if the charactcristi('s are

known for a set of reference conditions.

The similarity of noise characteristics in the

region remote from a jet (acoustic far field) has
been fairly well established (rcfs. 1 to 7). Simi-

larities of noise characteristics in tlm region near

a jet (acoustic near field) are relatively unde-

termined. Theories and experiments concerned

with the near field have usually dealt with two

different quantities (acoustic power and pressure

fluctuations, respectively) which are not simply
related. The theories (refs. 4 and 8 to 10) are

concerned primarily with the distribution of noise

sources along a jet. Apparently the only attempt
to determine simihtrity conditions throughout the

near field was reported by Greatrex in reference 11.

In the present report near-field-similarity laws

are discussed and tested using new, as well as

previously reported 0"efs. 12 to 14), data. The

results are restricted to jets issuing from nozzles

having circular cross sections. The data are

presented in a variety of forms for convenience

in engineering applications.

SIMILARITY RELATIONS

When distances measured from a multipole

noise source to points in the noise field are not

large compared to a typical wavelength of

the emitted sound, the field points are said to
be located in the acoustic near fiehl. If the

source consists of an extended distribution of

poles or multipoles, then fiehl points which are

not at large distances fi'om the source compared
to the extent of the source also are often con-

sidcrcd to lie within the near feld. Franz (ref.

15) has referred to the foriner region as the "induc-

tion near field" and to the latter region as the

"geometric near field."
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Noise fiehts associuted with flow fields arc

hypothesized to be similar if the flow fields are

geometrically and dynamically similar. Dynami-

cal similarity is {o be expected for all sufficiently

hu'ge values of the ovcndl flow Reynohls number

UD/_ and loeal Reynolds number Uz/_, where r/
is the kinenmlie viscomly of the fluid. However,

in a jel, viscous forces may be of eomparaltle
magnitude to inerlial and pressure forces very

near the nozzle exit. Thus, d3mamical similarity

may not exist in this region; hence, similarity of

the noise field shouhl not be expected in the

immediate vicinity. When similarity conditions
are satisfied, noise chnra('teristies should be

uniquely desevitmt)le nondimensionally in terms

of a characteristic flow velocity, a characteristic

length, and non(limensiomd space coordimttes.
Flow simihtrily is (lisenssed in eonsiderabh_ delaiI
in reference 1(';.

OVERALL PRESSURE FLUCTUATIONS

Grealrex effectively 1)reposed (ref. 1l) (he fol-

lowing simihrrity relation: Given a round jet for
which the space distribution of overall pressure

fluctuations is known. Then, the space distribu-

tion of the overall pressure fluctuations for a

second, similar, jet is given by

\
"t,_(r,,e,)P'-'k,_ ",e' J=

where p is the presmrre fluetualion, [Tis the nozzle- :
exit velocity, D is the nozzle-exit diameter, and

r and 0 are spherical coor(limlles (fig. 1). (All

jlx
/ Observation point-..

_'IEB_ _ /,"Effective cen er \¢PI
_/ / of source '_1

0_A

Jet

Y

FIGURE 1.--Coordinate systems.

quantities are defined in the appendix.) (Note

thal for an axisymmelric jet, the noise field ex-

pressed in spherical coordinates is, effectively, in-
dependenl of the azimuthal eoor(|imde _o.)

Sul)scriI)t 1 refers to the jet for which the pressure

fieht is known; sut)seript 2 refers to the jet. for

which the pressure field is to be (letermincd. The

exponent n is a function of the space coordinates
and is to be determined from the characteristics

of d_e noise fiehl of the reference jet (denoted by

the subscript 1) for two values of the veh)city U.

The preceding relation should apply for subsonic

jets which are geometrically and dynamically
similar.

Ia the experinlent_d test (ref. 11) of Grealrex's

l)roposed similarity condition, the noise levels of

the unknm_m and reference jets at geometrically

similar poinls generally differed by an amount

(<_2 (lb) not much greater them lhe errors of
measurement. Thus, although the proposed re-

lation appeared salisfaetory for sealing results

between jet engines of comparable size and thrust,

tit(, experiment couhl not be expected to test the

validity of the proposed relation.
In determining, for overall pressure fluetua-

lions, a similarily relation expected to apply

throughout the noise fiehl, consider the known
proportionality relations between jet characteris-

tics and pressure fluctuations. The far-field rela-

lion for acoustic pressure is

p2(r,O) _p2USa-4D2R-_F_(a) (R>>X,D) (1)

(ref. 7) where o is the atnbicnt density, a is the

ambient speed of sound, R is a characteristic

radius of the obserwLtion point from the effective

center of the source, F_(a) is a directivity func-

tion, and X is a typical acoustic wavelcngth. In

the far fieht, R->r and a-)O. The limiting rela-

tion for pressure fluctuations in the near fiehl is,

in a form eomparatfle to relation (1),

_(r,O) oco:U4a°DOROF_(a) (R<<X) (2)

(refs. 17 and lS). Considering the limiting rela-
tions (1) and (2), the following general relation is

expected to apply at an arbitrary field point :

_(r,O) ocp2U"a -'D rR -_ F(a) (3a)

where n, m, l, anti t" are functions of the observa-

tion poinlx This may be rewritten as

p2(r,O) ecogJ4(U/a)"(R/D)- 'F(a) tab)

il



SIMILARITY OF NEAR NOISE FIELDS OF SUBSONIC JETS

Proportionality (3b) results from the fact that

U"a-"D_R -k must possess the dimensions of

(veloeity)4--so that n=m+4 (cf. relations (1)
and (2))--and that D and R occur as a dimension-

less ratio in relations (1) and (2). Proportional-

ities (3) apply to an individual jet.

Now, as before, consider two similar jets denoted
by subscripts 1 and 2. At geometrically similar

observation points, namely (r_/D_,o_).._ (r2/D_,O_), it,
follows that R_/D_=R.2/D2 and a_-----a._. TIlIIS,

p_(r*,o*) = (m/m)_(U:/UO4(U.Ja2)"(U_/aO-'_p_(r*,O*)

where r*=rj/D_=r2/D., and 0"=0_=02. This cor-

responds to a proportionality relation

p2(r*,O*)/p2U 4oc (U/a) '_ (4)

where m, a continuous function of the coordinates
r*,O*, possesses the wdues 0 and 4 at near-fieht

and far-field limits, respectively, and may possess

any wdue in the intermediate fieht. Relation (4)

is compatil)le with Greatrei's proposal if and)tent

conditions remain unchanged.

PRESSURE FLUCTUATIONS IN FREQUENCY BANDS

For similarity of the space distribution of pres-

sure fluctuations in frequency bands, Greatrex

proposed (ref. 11) the use of the overall-pressure-

similarity condition in the manner alre.t(ly de-
scribed but with the ad(litiomd stipulation that to
be comparable the noise fields should be associated

with fi'equency bands for which the Strouhal

number fD/U is the same. No specification was
placed on the frequency bandwidth for which the

maps were to be defined. The method was illus-

trated using octave-band data.

To obtain a simihu'ity relation which applies

for frequency bands and is expected to apply

throughout the noise fiehl, define the mean-square-

f0° pressure spectral density ¢_(f) as _---- (f) dr,

where f is the frequency. Considering proper-

tionalities (1) and (2),

A

(r, O;f) oc p_USa - 4D2R- 2.[-tGt (o_J) (R>>X.D)

(s)

p(r,o;j) _ p,U_a°D_RO)-,a.,(,;j ") (R<<x) (6)

where focU/D is a characteristic frequency asso-

ciated with the overall flow. The directivity

3

functions G, and G2 depend, also, on the frequency

J'. IL follows from proportionalities (5) and (6)
that, in general,

_2(r,O;.f) oc p2U_a-,DXR-"G(a;.[) (7a)

which may be rewritten in the form

_2(r,O;.[) oc p2U'_(U/a),(R/D)-'DG(e_;.[) (7b)

Relation (7b) results because U"a-,DXR -_ musL

possess the dimensions (velocity) 4 time:(ve-

locity) '_ • length, so that _,=/z+3 and X 1+_.

Proportionalities (7) apply to an individual jet.

For similar jets, values of _: are to be compared

for similar points (r*,O*) and for simihu' frequen-
cies v=fD/U. Thus,

¢2 (),,:g 0:g; p) = (p2/Pl)2 (_'2//_7"i)3

(U2/a2) u (Ul/a0-u (D2/DO ¢/_ (r*, 0"; ,,)

which corresponds to a proportionality relation

¢,2(r*, 0"; _) /p_UaD oc (U/a)" (S)

where # is a function of frequency, as well as the

observation pot, I.

Relation (8) applies to spectral densities. IIow-

ever, Greatrex considered comparisons for octave,
rather than unit, bandwidths. By definition, for

arbitrary bandwidth,

(r, Oif_,f,)=j)f_ "i(r,O;f) (lf (9)p_

where f_ and f_ are h)wer and upper cutoff fi'c-

queneies, respectively. Thus, for similarity in

frequency pass-bands,

-- , /%U_
p'(r*,O*;v_,v_j=j,_ D¢_ (r*,O*;v)du (10)

that is, the comparison must be made at geonlet-

rically similar field points (r*,O*), and the Strouhal

numbers corresponding to the cutoff frequencies

nmst be identical. This latter requirement is

expressed by (v_)l= (v_)2 and (v_)t= tub):. Equation

(10) applies to overall pressure fluctuations, as

well as to pressure fluctuations in pass-bands.

In the former instance p2(r*,O*;v,,v_) compares
with p_(r*,O*) if the pass-band contains the

dominant portion of the entire sooetrum.
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A convenient dimensionless form for the spec-

h'um follows from equation (10), namely,

b

p_(r*,0*;_o,_o) ('_,,_0'%0*;_) ,
X,- (1])

TILe h,ft side of equation (11) represents a <limen-

sionless fm'm for the pressure flu<'tuaiions in

pass-bands. The integrand in equation (11)

reprcsenls a dimensionless form for the mean-

square-pressure spe('tral (lensily. Because p_(r*,

Plenum

-/_r inlet-_

(a) Photograph.

Ft6vaE 2.- Air-jet installation.

0*;v.,v_) possesses the dimensions of mean-square

pressure, an alternative dimensionless form is

pe (r*,O*;v.,vb)/p2U4oc (U/a)" (12)

which expresses the same functional dependence

as equation (4).

FLUCTUATION-PRESSURE SPECTRA

The preceding discussion applies, also, to

spectra. Dimensionless spectral densities or di-

mensionless band-pass spectra for geometrically

sinfilar field l)oints are {o be compared for identi('al
values of Strouhal number.

EXPERIMENT

APPARATUS

Air-jet facility.--The facility (fig. 2) is identical

to that described in reference 7. Essentially, a

continuous horizontal air jet is obLained at near-

ambient temperature at a height l0 feet above the

ground plane and more than 100 feet h'om the

nearest sh'ueture other than the facility ilself. Tbe
tank face was covered with a 4-ineh-tlfiek layer of

acoustic absorbent material and the nozzle-inlet

pipe with a 2-inch-thick layer of the same material

in order to minimize reflections (ef. fig. 3).
Two nozzles (fig. 4), one having an exit diameter

of 3 inches, the other of 5 inches, were used in the
tests.

r
i

4L
ii

' Nozzle

Plenum-,

-112 Ft

t0 Ft above ground

_e Mufflers, orifice

' B-In. air line " 15TFl

:Itr !• Open

U U Manometers[_

in control shelter

L_

q Ftj
........ 90 Ft _,-

below{
4 Ft above ground grade'

Flow-metering _-Air- r t "
Control ; ape o ee

',_ shelter / volve //_

,/ r Motor- //

I I ,, _ operated /it
, , / ' valve ,//

.__j 'r 1, !

air lind,Water .valve///

[ Burner (fuel lines, .U

controls, and /
instruments not /
shown ) :'

]_ "1 '7-In.I

I underground
Thermocouple switch- j air line

(b)

(b) Plan view (not to scale).

FmVRE 2. -Concluded. Air-jet installation.

 iri¸-



SIMILARITY OF NEAR NOISE FIELDS OF SUBSONIC JETS 5

Jet nozzle
Protractor _

Adjustable mou l_

_hc

L Microphone/- M:C:°rnP-_°ni

I actuator

Microphone power _

supply box _a_/_J

FmURE 3.--Jet nozzle and actuator mouniing.

6"

1_

--7.5

I

i

6"

i

1

. oo%

' 72? 1-0.5" i "*

i
L _-- 5"

[

FIGURE 4.--Air-jet nozzle configurations.

Air pressures and temperatures were measured

using manometers and thernmcouples, respec-

tively, in the same manner as described in reference

7 and at the points shown in figure 2(b).

16

O.

_o
_0
d Lo 8--+

g,, 4--4-

_ -4 _
Iu

lllJl ]-1ll111 1N
Recorder J_.....

,[

tt[L tttttLZ[J
IO0 I000 I0,000

Frequency, cps
I00,000

Fmv:R_, 5.- Acousllc sysiem frequency re,_ponse (micro-

phone input through tap(, playback). R('cord level -

15 voice units; t:tpe speed, 15 inches per second.

Acoustic recording. The pressure transducer

consisted of a commercial condenser nficrophone

having a diaphragm approxim'tlely 7/16 inch in

diameter and designed for operation al high acous-

tic pressures. The acoustic system was adapted

(el. ref. 7) for use with long cables and magnetic-

tape recording. The system-frequency-response
curve (from microphone input through playl)aek)

is shown in figure 5.

While recording noise, the microphone was
moved linearly and continuously by an actuator

driven by a synchronous motor. The rate of mo-

tion was constant (0.277 in./sec) over the h'averse

length (94.0 in.). The entire unit (fig. 3) was ro-

tatable about a fixed vertical axis adjacent to the

jet, nozzh,, pemnitting microphone traverses at any

azimuth from 0 ° (parallel to tlw jel axis) to 100 °.

The angle of traverse was read fl'om a prolraclor

having a radius of 18 inches. A block diagram of

the recording and actuation systems is shown in

figure 6. Separate or simultaneous starting or

stopping of the microphone motion an(] recording

process was provided for. Reversal and automatic
cessation of the motion were accomplished by limit

switches actuated by the mie, rophone holder.

The microphone was mounted in the horizontal

plane containing the jet axis and pointed at and
normal to the jet axis. The estimated probable

error of the microphone position for any given

(+o.h
traverse was \--O.a/inch in the verlical dircclion

and 4-0.1 inch in the horizontal plane. IIysteresis

of the traverse was negligible.

Acoustic analysis.--Data were transcribed

from the magnetic recordings by means of a one-
third-octave band audiospcctrum analyzer and

autonmtic level-recorder.
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Microphone

and preamplifier

SUl dy

[RC filter ]

J Microphoneactuator

240-Ft cable

Oscilloscope

Decode

amplifier

1

Taperecorder

I

I
1.

One -third-octave

band spectrum
analyzer and

automatic recorder

Sound-level 1

meter J ]

Microphone

position indicator

FIGURE 6.--Acoustic recording at_(1 microphone actuation systems.

PROCEDURE

Acoustic recording.-- First the microphone

boom was set at a predetermined angle 0. The

microphone was then positioned within a fraction
of an inch of the nozzle exit. Ttle desired airflow
conditions were established and the sound-level-

meter reading noted. Microphone motion and

acoustic recording were slurred simultaneously.

Following completion of the microphone traverse,
new flow conditions were established, and a new

recording was made with the microphone moving
toward the nozzle. At the end of the traverse

the new sound level was noted. The entire process

was repeated for several flow conditions and then

for several traverse angles (10 ° , 15 ° , 30 ° , 45 ° , 60 ° ,

75 °, 90 °, 100°). Impingement of the jet on the

microphone prohibited traverses at angles less
than 10 °.

Preceding and following each series of recordings

at a selected angle, the acoustic system wascali-

brated using an acoustic signal of known level
(121 db re.. 2X10 -4 dyne/cm 2 at 400 eps at the

microphone). The calibration signal was moni-

tored using the sound-level meter. The monitored

level was used to calculate the actual jet-noise
level from the noise level noted when the micro-

phone was adjacent to the nozzle exit in the pres-

ence of jet flow. Because of the continuity of the

noise recordings, noise levels could then be readily

determined throughout t])e traverse.



SI3,IILARITY OF NEAR NOISE FIELDS OF SL"BSONIC JETS 7

The insertion of a decade amplifier in the elec-

tronic circuit permitt.ed the recorded signal level

to be kept wit bin the range of linear amplitude

response of the magnetic tape. When necessary

the amplification was switched during the record-

ing process. Correction for the switching was

made in reading the printed records.

Acoustic analysis.--The recordings obtained

were converted to printed form using the analyzer-

recorder. The printed records were used to obtain

contour maps of the noise fields, as well as other

graphical results. Although the automatic re-

corder had a quasi-peak characteristic, the starting

noise levels were originally noted h'om a sound-

level meter having a full-wave rectifying charac-

teristic. During playback the noise signal was

monitored using a root-mean-square voltmeter in
addition to the sound-level meter. The difference

between the sound levels indicated by the two

instruments was always less than 1 decibel, but
usually less than 0.5 decibel when both instru-

ments were calibrated to yield the same level for

a 1000-cycle-per-second sine-wave input.

Tile starting noise levels (at the nozzle exit)

were found to vary for a single flow condition

Tile standard deviation of the starting noise

evel for an individual traverse angle with respect
to the average level for a single flow condition

(all angles) was 1 decibel, or less. In plotting

contour maps the average recorded noise level ut

the nozzle exit was adopted as the starting level
f_r each traverse.

Local pressure spectra were determined by

replaying the same portion of the magnetic-tape-

recorded signal through each filter of the spectrum
atmlyzer. Titus, tile indicated spectrum levels for

all frequencies are simuhaneous values, rather
than consecutive wdues.

RESULTS AND DISCUSSION

The Reynolds number (UD/_) range associated
with the 5-inch-diameter-nozzle results was

2.0)<106 to 3.5X106, whereas the corresponding
range for tile 3-ineh-dian_eter-nozzle results was

1.4X106 to 2.1X10 s. Ahhough the mean-flow

Reynohts number was not constant, studies of

far noise fields (ref. 7) over the same range of
wdues of Reynolds number have indicated that

589750--61--2

similarity of jet noise fields is independent of

Reynohls nuntber over the present range of

interest. Moreover, no effect of Reynohls nu,nber

on sinlilarity is to be expected unless the Reynolds

number is sm_dl (say <102). The local Reynolds

number (Uz/r) is small near the nozzle exit.

Thus, a Reynolds number effect may be associ_rted

x_ith pressure fluctuations originating near tim
nozzle.

OVERALL-PaESSUa_ rLUCTUATmNS

Fiehl-contour maps of overall-pressure fluctua-

tions surrounding subsonic jets are shown in

figures 7 and S. The contours shown are those of

overall-sound-pressure level SPT.=20 log (_/_P0),

where po=2 X l0 -_ dyne/end. Maps corresponding
to the 3-inch-diameter nozzle are exhil)ited in

figure 7, whereas those in figure S correspond to
the 5-inch-diameter nozzle. In both cases maps

corresponding to the limits of the measured

subsonic-velocity range are included. The maps

for a given nozzle exhibit evidence of a transition

of the contour shapes as a function of jet velocity.

In order to predict the noise fieht for a jet, the
distribution of the velocity exponent n (or

re=n--4) must be determined from nleasurements

of the noise fields associated with a reference jet

for two values of the jet velocity. The distribu-

tions of n were calculated using the formula

O,)=SPL" (r*, O*)--SPL' (r*, 0")
10 log (U"/U') , where tile

primes refer to the appropriate reference. Data
illustrated in figures 7(a) and (c) were used in

computing the distribution of n associated with

the 3-inch-diameter nozzle, whereas data illus-

trated in figures 8(_) and (c) were used in com-

puting n for the 5-inch-diameter nozzle. The

results are shown in figure 9. The distribution of

n for _ turbojet engine (ref. 14) is shown in

figure 10.
The distributions appearing in figure 9 have

been smoothed considerably. From estimates of

the errors in determining SPL+'--SPL _, the esti-

mated probable error of n was _n _ 1, independent

of n. This corresponds to a percentage error

ranging from 10 to 25 (approx.). The magnitude
of this error seems insufficient to account for the

considerable difference among the three distribu-
tions of n.
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FmVRE 7.--Contours of overall-sound-pressure level for a subsonic jet. Nozzle diameter D, 3 inches.
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FmvRr, 7.--Continued. Nozzle diameter D, 3 inches.
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The distributions of n were used to predict

contour maps associated with the two nozzles for

values of jet velocity intermediate between the

limiting reference values using the relation

SPL(r*, 0")=SPL'(r*, 0")+ 10n (r*, 0")log (U/U')I

lit order to permit an experimental check of the
predictions the velocities U'were selected to corre-

spond to the maps sho_m in figures 7(b) and 8(b).
Comp,_risons between the predicted and experi-

mentally determined maps are sho_m in figure 11.

The predicted noise levels agree quite well with

the measured levels at corresponding points. The
difference of the levels is, at, most, 2 or 3 decibels.

This level difference at a point, not the spatial

separation of the corresponding conlour lines, is

the appropriate measure of the error of the pre-
diction. The difference between the measured
and predicted levels at corresponding points was

found to be approximately 1 decibel for every 5-

decibel adjustment of the reference level to the
predicted level.

Attempts to predict noise fields associated with

the 5-inch-diameter nozzle and a turbojet engine,
using 3-inch-diameter-nozzle data as the refer-

ence, failed. Disagrcementsbetween predicted and
iest results of the order of 10 decibels were obtained.

The shapes of the convergent sections of the noz-

zles, that is, the nozzle contours, hence the jet:
stru('iures, were not similar. These results imply

that near noise fields of geometrically similar jets

are similar over a fairly wide range of subsonic

velocities, but that the degree of similarity is

strongly influenced by changes of the jet nozzle

contour (geometrical dissimilarity) (cf. ref. 12).
In addition the turbojet engine exhaust was hot,

whereas the air jets were cold. The jet tempera-

ture is also likely to affect similarity, that is, hot

and cold jets cannot be expected to compare favor-

ably on the present simil'lrity basis (ef. ref. 12).

The distribution of time-averaged fluctuation

pressures along the jet, boundary is of particular

interest because of its proximity to the noise

sources. Dimensionless profiles of mean-square

pressures along the mean-velocity boundary are
sho_m for the various nozzles in figure 12. Pre-

dicted curves (cf. ref. 12) are also shown. In

reference 12 the profiles shown are discussed in

some detail. There, as herein, the differences

between the predicted and measured pressure

profiles are attributed to differences among the

nozzle contours or differences between jet and

ambient temperatures. The magmitude of the

difference between the pressure profiles associated
with the 3- and 5-inch-diameter nozzles is so

large (_ 10 (lb near the nozzle) that an observable

difference might be expected in the far fiehl.

The difference was observed (fig. 7 of ref. 7).

The total acoustic power emitted by the jet
associated with the 5-inch-diameter nozzle for

all values of the IAghthill parameter L= pD_'USa -s

was approximately 2 decibels higher than that
associated with the 3-inch-diameter nozzle. This

result could not be attributed to any difference
between experimental conditions other than the
nozzle con tours.

The extent to which the nozzle contour would

influence the near noise fiehl was not fully appre-

ciated when the tests were performed (although

cf. ref. 16, p. 184 footnote). Thus, similarity of

the noise field as a fimction of jet velocity was

confirmed, but similarity assoeiate<l with jet size

could not be studied using the available nozzles.

In addition, the effects of changing ambient
conditions were not studied.

PRESSURE FLUCTUATIONS IN FREQUENCY BANDS

Contour maps of sound-pressure levels for one-

third-octave bandwidths are shown in figures 13

and 14. Results for a relatively large value

(v,,_5, fig. 13) and a relatively small value

(u,,, _ 0.06, fig. 14) of Strouhal number are pre-

sented. The similarity of the contour shapes for
constant wdues of Strouhal number is evident.

As expected, the apparent source of the pressure

fluctuations for the larger wdue of _,,, is relatively

neat' the nozzle exit, whereas the apparent source
for the smaller wdue of v,_ is well (lownstream of
the nozzle exit..

Contour maps of the mean-square-pressure-
spectral-density level in the dimensionless form

of the logarithm of ])_--- (eq. (ll)) are pre-

sented in figm'e 15. Each map was deternfined

by averaging two similar contour maps for dif-

ferent wdues of the jet velocity. The contours

indicate the relative contribution of the spectral

density at the frequency J" to the overall mean-

square pressure. Thus, these maps indicate that

the relative contribution of the low frequencies

to the mean-square pressure is greatest near the

jet boundary, whereas the greatest relative con-
tribution of the high frequencies occurs at a
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FIGUiXE 12. Dimensionless fluctuation-pressure

relatively large azimuth. A representation of

contours in terms of pressure fluctuations in pass-

bands (cf. eqs. (ll) and (12)) would also have been

permissible because the values of Strouhal number

corresponding to the filter cutoff frequencies were

nearly equal.

The spacewise distribution of n for overall

pressure fluctuations was depicted in figure 9.

Because the effective geometry of a jet as a noise

source is a function of frequency, it appears quite

likely that the distribution of n is also a function

of frequency. The data shown in the reference

maps (figs. 13 and 14) were used to determine

the distributions of the jet velocity exponent

v, the spectral-density correspondent of n (ef.

eqs. 3(a) and 7(a)), for a relatively large and for

I
i

1

J
Nozzle diom.,

D, in.
o 22.25
u 5.0
O 5.0
A 5.0
v 3,0

+
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a relatively small value of Strou}ml number. Dis-

tributions for the 5- and 3-inch-diameter nozzles

are shown in figures 16 and 17, respectively.

(Because the microphone-response correction for

./=20 kc was not known, the distributio,l of

the exponent v for D=3 in., v,_5 could not

be reliably determined.) Over small regions,

values of the exponent u of less than 2 and greater

than 8 were obtained. Values of the exponent

tended to be smallest along the jet boundary,

especially near the nozzle. However, because the

measurements of filtered signals were less accurate

than measurements of unfiltered signals (simply

because of the reduced bandwidth), a number of

repetitions of the tests would be necessary before

definite conclusions could be reached.

I
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The reference maps (figs. 13 and 14) in conjunc-

lion with tile comt)uted distributions of the ex-

ponent v were used to predict the sound-pressure-
level fieht for the 5-inch-diameter nozzh, at an

intermediate value of velocity (U'=894 ft/sec).

Predictions were made for both values of Strouhal

number. The predicted maps were computed in

the same manner as were those for overall-sound-

pressure level. The predicted contours, shown in

figure 18, are in relatively good agreement with
the experimentally determined contours, also

shown in figure 18.
In figure 19 the (listril)ution along the jet,

boundary of pressure fluctuations in frequency

pass-bands is shown in dimensionless form for
the 3- and 5-inch-diarceter nozzles. Although

the nozzle contours (lifter, there is a general

similarity of the profiles of the pressure fluctua-
tions. The similarity is son:ewhat poorer for tlm

higher frequencies, which are generated nearer
the nozzle and, hence, should be Inost seriously

affected by the nozzle profile. For each nozzle

a systematic difference among the profiles is
observed. For the smaller values of Strouhal

number Iv,,,<0.1), the spectral-density level for
the h,sser value of jut velocity is generally slightly

higher than that for the greater value of velocity.
For the larger values of Strouhal number (v,_ 1),
the situation is reversed, that is, the spectral-

density level for the greater wdue of jet velocity is

significantly higher. It seems possible tlmt a slight

dissimilarity of ttw jet exit-velocity profile over
the subsonic range might account for the observed

effect.

The loci of maxima of the flu(.tuation-pressurc

profih's for each frequency band are plotted in
dimensionless form in figure 20. The maxima

referred to arc, however, spectral-density, or

spectrum-level, maxima, not the dimensionless
spectral-density maxima which wouhl be ol)tained

fl'om figure 19. The loci of the two st, Is of maxima
differ because p_ is a function of the dimensionless
axiad coordinate z*, The loci shown in fignlre 20

are of greater interest t)ecause of their possible

application in connection with the theory pre-
sented in reference 10.

Although the loci in figure 20 agTee generally

with those previously established for round jets

(refs. 13 and 10), in certain interwds of z* the

various determinations differ t)y a measurable

amount. In this regard some important diftcr-

ences exist, among the various tests. For example,

figure 20 applies to cohl subsonic jets and the

nozzles sketched in figure 4. The fluctuation-

pressure results in reference 13 (fig. 17) apply to _

turbojet engine operated at a supercritical value

of nozzle pressure ratio. The results of Dyer and

Franken (ref. 10) apt)ly to a large rocket. Con-

sidering the wide divergency of test conditions,

the good agreement of the loci is surprising.

There were other important experimental dif-

ferences involved in determining the loci of the

"noise sources." The loci shown in figure 20 and

reference 13 (fig. 17) were established fi'om meas-
urements of near-fieht noise, hence pressure

fluctuations associated with incompressibility

(pseudosound), whereas those in reference 10
were determined from measurements of far-fiehl

pressure fluctuations associated with compressi-

bility (sound). Specifically, determinations of
noise source location from far-fieht tests should

apply in Dyer's theory (ref. 10). However, be-
cause the acoustic radiation is driven by the

essentially incompressible, near-field, pressure
fluctuations (ref. 18), it might be presumed (of.

ref. 19, e(t. II 7) that relatively high pseudosound

levels are associated with relatively high sound

levels at the same point. (Sound results if the

second time derivatives of the pseudosound pres-

sures in a coordinate system translated at the

mean convective velocity of the fluctuations are

time-dependent. If sound is radiated, increased

amplitudes of the pseudosound-pressure fluctua-
tions lead to increased amplitude of the sound.)

Thus, measurements of the incompressible fluc-

tuations might be equally suitable for determining
noise source locations. This is borne out by the

fact that loci determined by measuring pseudo-

sound- and sound-pressure fluctuations tend to

agree. Some disagreement between the two
methods of determination exists for z*_10, but

this likely results from certain experimental diffi-
culties encountered in the determination reported

in reference 10 (persomd communication from

Dr. Dyer).
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A difference between the noise source loci asso-

ciated _ith the 3- and 5-inch-diameter nozzles is

apparent in figure 20. The difference can be

qualitative]y attributed to the difference between

the nozzle profiles. In the ease of the 3-inch-
diameter nozzle the quasi-laminar boundary

layer emerging from the nozzle exit tends to dis-
place the peak fluctuation levels downstream.

,o
6

4

Nozzle diam, Velocity,
D, in. U, ft/sec

3 804
3 1027
5 694
5 1032

.I :2 .4 .6 .s i 2
Dislonce z*, nozzle-exil diom

FIGURE 20.--]',OC'(IS of maxima of fluctuation-pressure

profiles for one-third-octave frequency bands.

FLUCTUATION-PRESSURE SPECTRA

Often spectra of pressure fluctuations at dis-
crete points in the noise fiehl arc of greater interest

than space contours of pressure fluctuations in

discrete frequency bands. Several examples of

spectra associated with the 3- and 5-inch-diameter

nozzles are shown in figure 21. The spectra are

presented in the dimensionless form previously
discussed.

The spectra for a given nozzle are generally in

fair agreement. The greatest disagreement (-_5

db) is associated with the 5-inch-diameter nozzle

for the larger wflues of azimuth. The agreement

between corresponding results for the two nozzles

is generally poor, although agreement tends to

improve for smaller vahles of azimuth and larger
values of jet velocity. In general, the trends of

the spectra 'is functions of jet velocity, azimuth,

and radial distance have all been noted previously.

Dimensionless spectra along the mean-velocity

boundary are shown in figure 22. As expected,

the frequency of the spectrum peak decreases as a
function of increasing distance dox_ilstream of the

nozzle exit. The maximum spectral density tends

to increase as aflmction of increasing distance
downstream. For all downstream distances,

spectra for a given nozzle are in good agreement.

However, spectra for the two nozzles do not agree

for z*<l. This is to be expected for nozzles

having dissimilar profiles. All spectra possess

negative skewness.

I
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CONCLUSIONS

From a theoretical and experimental investiga-

tion of near noise fields of jets, the following con-
clusions were reached:

1. SimihMty relations proposed by Greatre×

wcrc found to bc satisfactory for predicting the
characteristics of the fluctuation-pressure field for

intermediate wdues of the flow and geometric

variables if the fluctuation-pressure character-
istics arc kno_l_ for two sets of conditions.

2. The wdidity of the similarity parameters,

hence the predicted pressure characteristics, may

be considerably reduced if nozzles having different

profiles, or jets having different temperatures, are

considered. This is especially true for regions
near the nozzle itself.

_EWIS RESEARCH CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

CLEVELAND, OII10, Augusl 18, 1960
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APPENDIX

SYMBOLS

ambient speed of sound

nozzle-exit diameter

overall-fluctuation-pressure direetiv--

ity functions

frequency

lower cutoff frequency

upper cutoff frequency

filt er geometric mean frequency, -_

characteristic frequency

spectral-density directivity functions

variable exponents

mean-square fluctuation pressure for

specified frequency bandwidth,
over_dl nlcan-square fluctuation

pressure
reference pressure (2 X 10 -4 dyne/era _)

characteristic radius of observation

point from effective center of noise

source

spheriod eoordim_tes (see fig. 1)

riD

radius connecting nozzle lip and ob-

s_rw_tion point

y

#0

SPL

U

Z

oL

O*

X

Y

Pb

Vm

P

radius in cylindrical coordim_tes

(script lower case in figures)

radius of nozzle exit, D/2

_/n

sound-pressure level, 10 log (_/Po)

jet exit veloeits-

jet a:dal distance from nozzle-exit

plane

zip
characteristic polar angle between

radius vector R and z-a_s

field angle with origin at nozzle lip
0

characteristic wavelength of pressure
fluctuations

Strouhtd munber, fD/U

lower cutoff frequency in dimension-

less form, f,D/U
upper cutoff frequency in dimension-

less form,.hD/U

filter mean-frequency in dimension-

less form, f,,D/U

ambient density

mean-square-pressure spectral den-

ff-sity, _: _b_(J') dJ
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